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Semiconductor laser based, injection locking was performed for efficient excitation of subjects. The
linewidth of the master laser was extended to 380 MHz by using a frequency modulation technique
through a direct current modulation. By the injection locking technique with a broad-area
semiconductor laser, the frequency modulated input was amplified to 610 mW, faithfully
maintaining the broadened linewidth and the spectral shape. This result means that a compact high
power laser system is possible with broad linewidth that is precisely controllable. © 2006 American
Institute of Physics. DOI: 10.1063/1.2349595Fabrication of nanometer scale objects is one of the most
attractive research interests. The use of atoms with precisely
controlled momentum will be a promising method for
achieving atomic level fabrication technologies such as atom
lithography and atom focusing. Because a thermally gener-
ated atomic beam has broad velocity distribution, a mono-
chromatic atomic beam with narrow velocity distribution by
laser cooling1,2 will be an important technique. A white-light
cooling technique3 using a broad band laser beam is known
as a simple method for the preparation of the monochromatic
atomic beam. In this technique, the linewidth of the laser
beam should be as broad as the Doppler width of the atomic
beam.
On the other hand, semiconductor lasers are attractive as
laser sources due to their compactness, long lifetime, and
relatively low price. Although the frequency modulation of
the semiconductor laser is easily accomplished by the direct
modulation of the injection current, the linewidth of high
power semiconductor laser such as a broad-area laser is too
broad to control. High power semiconductor laser sources
with narrow linewidth have been developed by amplification
with the injection locking4–6 and the tapered semiconductor
amplifier.7–9 Spectral narrowing by the external cavity tech-
nique was also reported in Littrow10 and Littman-Metcalf11
configurations. However, these researches are aiming the
high power and narrow linewidth laser source for nonlinear
frequency conversion, free-space optical communication,
and optical pumping of lasers. Although a broad-area semi-
conductor laser with a Fabry-Pérot étalon was reported
showing a single mode operation with 1 W output and
200 MHz linewidth,12 precise control of the linewidth was
difficult. Generation of the laser beam of the output of
600 mW and the linewidth of less than 10 MHz by a fiber
amplifier was used for the white-light cooling in the trans-
verse direction.13
In this article we report a semiconductor laser based,
injection locking system of 610 mW output power by ampli-
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to 380 MHz. The linewidth of the amplified laser faithfully
maintained that of the master laser, indicating precise control
of the linewidth without fluctuation of the laser output power
and degradation of the spectral shape.
Figure 1 shows a schematic of the experimental setup.
The amplification system was constructed in a standard in-
jection locking scheme using two lasers that are referred to
as a master and slave lasers. The master laser was a single
mode semiconductor laser Sharp: GH0781RA2C. The rf
component combined with the dc component by a bias tee
minicircuits: TCBT-6G was applied to the master laser for
the frequency modulation. The rf component is small com-
pared to the dc component and the frequency of the master
laser was precisely controlled by adjusting the temperature
and the dc. The dc and rf were generated by a laser driver
Newport: 500 and a function generator SRS: DS345, re-
spectively. The modulation frequency was varied up to
30 MHz. The slave laser was a broad-area high power semi-
conductor laser HPD: HPD1010-HHL-TEC-78003 oper-
ated with the dc that is controlled using a laser driver ILX
Lightwave: LDC-3742.
The master laser beam was collimated by a lens focal
length: 2 mm, NA numerical aperture: 0.5. The beam
passed through an optical isolator isolation: −30 dB not to
disturb the master laser oscillation due to backward scatter-
ing. A beam expander was used to enlarge the beam diameter
by three times. A half-wave plate was used to match the
polarization direction of the master laser to that of the slave
laser. The master laser beam was introduced to a broad-area
semiconductor laser operated as a slave laser at an angle of
3° through a cylindrical lens focal length: 500 mm and a
collimating lens focal length: 8 mm, NA: 0.5. The cylindri-
cal lens was used to compensate astigmatism of the slave
laser.
The laser spectrum was roughly estimated by a grating
monochromater JASCO: CT-25C, resolution: 0.2 nm. High
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interferometer TEC-Optics: SA-2, free spectral range:
2 GHz, finess: 200.
The input power of the master laser measured in front of
the cylindrical lens was approximately 70 mW. This power
is lower than the output power of 120 mW at 784 nm be-
cause we tuned the laser wavelength to the D2 line 780 nm
of rubidium by adjusting the laser temperature and the dc
injection current. The shape of the output beam of the slave
laser without the injection of the master laser was rectangu-
lar. By adjusting the incident angle of the master laser beam,
we found that bright spot appears near the center of the slave
laser beam. This phenomenon means that the injected master
laser beam was reflected at the back surface of the slave laser
and amplified during the passage within the active layer be-
cause the master laser beam was tilted by 3° to the normal to
the facet of the slave laser. The shape of the output beam was
rectangular of 97 mm2.
Because the wavelength of the slave laser should be al-
most the same with that of the master laser in order to
achieve the injection locking, the center wavelength of the
slave laser was tuned to nearly 780 nm by changing the tem-
perature and the injection current as done for the master la-
ser. In the free running, the laser spectrum of the slave laser
was very broad and nearly 1.5 nm. The maximum output
power of the slave laser was 610 mW. To investigate the
laser spectrum under injection locking condition, we mea-
sured the spectrum using a scanning Fabry-Pérot interferom-
eter, as shown in Fig. 2. The results for the master and the
slave lasers were depicted on the left- and right-hand sides of
the figure, respectively. In the top of the figure, the results
without frequency modulation are shown. The linewidth for
both cases was estimated to be 10 MHz, which is the same
with the resolution of the interferometer. Note that the line-
width of the slave laser faithfully followed that of the master
laser. When applied the rf voltage to the master laser, the
laser spectrum drastically changed, as shown in the middle to
the lower of the figure. The modulation voltage was fixed to
0.4 V. When the modulation frequency was 30 MHz, two
strong sidebands appeared in the both sides of the center
peak. The separation between each band was 30 MHz, which
exactly corresponds to the modulation frequency. As well
known in the frequency modulation, the spectrum similar to
this will be observed if the modulation depth is relatively
small. With decreasing the modulation frequency from
30 to 5 MHz, the separation became narrower, resulting in a
smooth spectral envelope. The spectrum at the modulation
frequency of 5 MHz showed two strong peaks near the edges
FIG. 1. A schematic of experimental setup. L1: collimating lens for a master
laser focal length: 2 mm, NA: 0.5, L2: collimating lens for a slave laser
focal length: 8 mm, NA: 0.5, CL: cylindrical lens, dc: direct current, and
rf: radio frequency.and was relatively weak in the center region. This spectrum
Downloaded 14 Apr 2010 to 130.34.135.83. Redistribution subject tois expected under deep modulation because the number of
sidebands increases with increasing modulation depth as a
rule of the frequency modulation. The frequency modulation
of semiconductor lasers is caused mainly by the variation in
the index of refraction. The thermal and carrier density ef-
fects are remarkable at lower and higher frequency regions,
respectively. In addition, the bandwidth due to the thermal
effect is of the order of megahertz for the Fabry-Pérot-type
AlGaAs semiconductor laser.14 Accordingly, it is indicated
that the frequency modulation with large modulation depth at
5 MHz was caused by the thermal effect.
On the right-hand side of Fig. 2, it is shown that the
spectra of the slave laser were almost the same with those of
the injected master laser, indicating the excellent reproduc-
tion of the spectral features by the injection locking under
our experimental condition. For excitation light source of
materials, a smooth spectral shape without sharp undulation
is preferred because, in general, the absorption spectrum of
an ensemble of atoms, ions, or molecules is broad and simple
peak, which linewidth is larger than tens of megahertz. As a
FIG. 3. Spectra of the master and slave laser output measured by a scanning
Fabry-Pérot interferometer. In the left- and right-hand sides, the results for
the master and the slave lasers are shown, respectively. From top to bottom,
the modulation voltage to the master laser was increased to 0.8 V. The
modulation frequency was fixed to 5 MHz. The scales of the longitudinal
FIG. 2. Typical spectra of the master and slave laser output measured by a
scanning Fabry-Pérot interferometer. In the left- and right-hand sides, the
results for the master and the slave lasers are shown, respectively. From top
to bottom, the modulation frequency of the injection current to the master
laser was increased to 30 MHz. The modulation voltage was fixed to 0.4 V.
The scales of the longitudinal axes are different between the master and the
slave lasers.axes are different between the master and the slave lasers.
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in the following experiments.
Figure 3 shows the spectral variation for different modu-
lation voltages. It is shown that the laser linewidth increases
with increasing modulation voltage. Moreover, the output
spectra of the slave laser almost kept both the shape and the
linewidth. Semiconductor laser is expected to response to
higher modulation frequency of several gigahertz, resulting
in wider linewidth. However, one must take into account
unavoidable amplitude modulation that is induced at the
same time due to the injection current modulation. Thus, we
must keep in mind that the larger the modulation depth, the
bigger the asymmetry in the spectral shape. In Fig. 3, the
spectra are still symmetric.
The linewidth variation as a function of the modulation
voltage was depicted in Fig. 4. Both the master and the slave
lasers showed the linear relationship indicating faithful re-
production in the linewidth and the possibility of precise
control of the linewidth by the frequency modulation and the
injection locking. Figure 5 shows the output power from the
slave laser as a function of the dc injection current. Under the
free-running condition indicated by the open circles, the out-
put power changed linearly with the injection current al-
though the laser spectrum was very broad. The output power
under the injection locking indicated by the closed circles
showed almost the same feature with that under the free-
running condition. The input power of the master laser was
70 mW. This observation indicates that almost all the gain of
the slave laser was injection locked to the master laser. The
output power reached to 610 mW at the injection current of
1 A. This value is expected to be improved if a higher output
power semiconductor laser is used as a slave laser. Finally,
FIG. 4. The linewidth as a function of the modulation voltage estimated
from the result shown.Downloaded 14 Apr 2010 to 130.34.135.83. Redistribution subject towe verified that the wavelength of the output was adjustable
to the D2 line of rubidium by observing the fluorescence
from a rubidium vapor cell.
We developed a compact and high power, semiconductor
laser based, laser source of which linewidth can be precisely
controlled by using a frequency modulation and an injection
locking technique. The frequency modulation was accom-
plished by a direct injection current modulation. The output
power of 610 mW with the linewidth up to 380 MHz was
observed. This feature will be suitable for efficient excitation
of subjects such as Doppler broadened atoms.
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